Abstract. High-quality ocean color data (chlorophyll) provided by the Sea-viewing Wide Field of view Sensor (SeaWiFS) satellite were analyzed for the first complete year of coverage (October 1997 to September 1998 in the tropical Indo-Pacific basin. This period coincides with the peak of one of the strongest EI Niño events during December 1997 and the La Niña of 1998 that appeared dramatically in less than a month as a sea surface temperature (SST) change of over 6°C in the central equatorial Pacific during June 1998. The tropical Indian Ocean also underwent a highly anomalous series of events with negative SST anomalies (SSTA) of over 3°C in the eastern equatorial and coastal regions during October-December 1997 and warm SSTA in the west that peaked at over 2°C during February 1998. The ocean color variability is interpreted using other satellite data such as sea level from TOPEXPoseidon and also in terms of the dynamics and thermodynamics of the region from simulations with an ocean general circulation model. The El Niño-related reductions in equatorial production and the off-equatorial increase in biological activity, and their basin scale evolution is clearly seen for the first time. Persistent northerly wind anomalies resulted in a northward shift of the equatorial divergence and the upwelling Kelvin wave which signalled the end of the 1997-1998 El Niño. The anomalous surface chlorophyll associated with this Kelvin wave was also clearly shifted north of the equator by nearly 300 km and appeared more than a month before the negative sea level anomalies seen by TOPEXPoseidon. On the equator near 165"E, the disappearance of the barrier layer appeared to coincide with a localized bloom that occurred in response to the easterly wind bursts over the western Pacific that lasted from December 1997 through the boreal summer. The ecosystem response to the cold La Niña conditions is clearly seen as elevated chlorophyll during the boreal summer of 1998 in the equatorial Pacific cold tongue region. In the Indian Ocean, an anomalous phytoplankton bloom was observed by SeaWiFS during October-December 1997 coincident with the anomalous upwelling in the eastern equatorial region and off the coast of Sumatra. A stronger than normal northeast monsoon is seen as higher than climatological values of surface chlorophyll. The open ocean Ekman pumping and the shoaling of the thermocline near 60"E and 10"s and the eastward extension of mixed layer entrainment in the same latitude band is seen as a region of higher biological activity during the boreal summer.
Introduction
The SeaWiFS satellite which is a part of NASA's Earth Science Enterprise (formerly, Mission to Planet Earth) was successfully launched in August 1997 (http:llseawifs.gsfc.nasa.gov). The purpose of the SeaWiFS project is to provide data on global bio-optical properties. High-quality data on the global biosphere has been successfully retrieved since September 1997. The timing for this data could not have been more -0148-0227/99/1999JC_900135$0~0 _ _ _ _ _ opportune in view of the extreme 1997-1998 El Niño.-As the most prominent manifestation of interannual climate variability, El Niño-Southern Oscillation (ENSO) has its major signal in the equatorial Pacific Océan, but its effects are felt globally. The eastward migration of the western Pacific warm pool and the associated zonal shifts in convection during El Niño lead to floods in parts of the west coast of South America and drought in Indonesia and Australia [Philander, 19901. Teleconnections of El Niño are responsible for warming of the North Pacific, tropical Atlantic, and Indian Oceans.
The anomalous warming of the equatorial Pacific affects the marine ecosystem at all trophic levels [e.g., Chavez, 1983, 1986; Barber aizd Kogelschatz, 1989; Sharp and McLain, 1993; Dyinond and Collier, 1988; Blanclzot et al., 1992; Leonard and McClain, 19961 . Previously, ENSO related variability was observed with the Coastal Zone Color Scanner (CZCS), which flew from 1978 to [Feldnzart et al., 1984 Halpein and ' Feldman, 1994; Leonard aizd McClaiii, 19961 . For several reasons, SeaWiFS is now able to observe aspects of this variability that were not apparent in the CZCS data set. Principally, SeaWiFS has much more complete global data coverage, as 18,351 .. __ ..
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o' Also, SeaWiFS has a greater signal-to-noise ratio, so that the variability of ocean color is better resolved. Hence largely complete images can be generated on quasi-synoptic timescales, e.g., 8-day composites. Over the first year of the SeaWiFS mission, several major aseas of apparently enhanced chlorophyll have been observed in the tropical Pacific and Indian oceans that were not observed by CZCS. This may result in past from the evolution of science and technology of ocean color observation and in part from the unusual climatic conditions of 1997-1998. The purpose of this paper is to describe and interpret the ocean color variability observed from SeaWiFS in terms of the atmosphere and ocean dynamics. We analyzed the surface and subsurface dynamics and thermodynamics associated with the evolution of the 1997-1998 ENSO warm and cold events using observations from several sources and from a number. of ocean general circulation model (OGCM) simulations. We also use CZCS, Joint Global Ocean Flux Study (JGOFS) Equatorial Pacific (EQPAC), and various other data to provide a context for the relatively short time series of SeaWiFS data. SeaWiFS observed a number of interesting bio-optical features reliably for the first time during such a major warm ENSO event. In this paper, we focus on the Indo-Pacific basin. The interactions of the ecosystem with the tropical Indo-Pacific ocean circulation on interannual timescales can be described on a basin scale for the first time. Section 2 describes the anomalous background of the physical climate system in the tropical IndoPacific region during 1997-1998. The basin-scale features of ocean colos as observed by SeaWiFS are described in section 3. Section 4 contains a brief description of the OGCM employed for the study along with the description and analyses of the SeaWiFS data in several key regions of high chlorophyll and the three-dimensional circulation that is potentially responsible for the observed chlorophyll variability. Some conclusions and a summary are contained in section 5.
During 1997-1998
Climatic Conditions in the Indo-Pacific Basin
The deployment of the TOGA array in the aftermath of the devastating 1982-1983 El Niño has led to impressive progress in the observation, understanding, and prediction of ENSO (McPlzadeiz et al. [1998] and other papers in Journal of Geophysical Research, June 29, 1998) . The El Niño event of 1997-1998 was unique not only for being the strongest in the 20th century, but also because it was observed by an unprecedented number of Earth observing satellites and in situ instruments. The weak La Niña of 1996 was at its peak in December of that year when the Special Sensor Microwave Imager (SSM/I) data showed the first of a series of westerly wind bursts in the western equatorial Pacific (Plate 1). This was to indicate the beginning of increased intraseasonal variability over the warm pool region and the persistence of the westerly wind bursts that dominated the equatorial Pacific during 1997. A strong westerly wind burst during late February and early March 1997 initiated an equatorial downwelling Kelvin wave that reached the eastern Pacific by May 1997. The TOPEX/Poseidon data showed high sea levels in the warm pool in February 1997 following the end of the 1996 La Niña. By April, positive sea level anomalies of nearly 10 cm extended across the entire equatorial Pacific corresponding to the downwelling Kelvin wave generated by the strong westerly wind bursts. The offequatorial upwelling and the horseshoe pattern of low sea level centered on the western Pacific, accompanying the high sea level in the east typical of El Niño [Kessler, 19911, was well established by July 1997. As the westerly wind bursts continued to persist and move eastward along with the atmospheric convection, the warm SSTA (SST anomaly) in the east continued to grow and spread westward (Plate 2a). The westerly wind bursts and their fetch peaked during November 1997 and the SSTA peaked in late November into December 1997 (see Plates 1 and 2). The El Niño of 1997-1998 was unique in that the warming started early (May 1997) , grew at the most rapid sate and had the largest amplitude in the NIN03 region (150"W-90°W X 5"s-5"N) compared to all El Niño's since at least a century. The decay of the warm SSTA in the central equatorial region also was rapid with the SSTA going from nearly +3"C during May 1998, to -3°C in less than 3 weeks by June 1998. As the cold SSTA continued to dominate the central equatorial Pacific, SeaWiFS captured the ocean color changes associated with increased upwelling in the cold tongue region.
Even as the westerly wind bursts were moving eastward, easterly wind bursts were obseived by SSM/I west of the Dateline beginning in November 1997 (note the negative SSTA to the west of the Dateline in Plate 2b). The westerly wind bursts were centered clearly to the south of the equator and east of the Dateline from June 1997 through January 1998. By February 1998 the westerly wind bursts over the equatorial region relaxed considerably and the easterlies in the warm pool continued into September 1998. Another interesting feature was that the northerly meridional wind anomalies were strong and persistent during January-April 1998. The TOPEX/Poseidon data for March and April 1998 showed a negative sea level anomaly propagating eastward at the speed of an equatorial Kelvin wave (-2.5 m s-l), displaced a few degrees to the north of the equator. This Kelvin wave signaled the end of the 1997-1998 El.Niño, but as we explain later, the SeaWiFS data showed a northward displaced surface phytoplankton bloom associated with the upwelling Kelvin wave nearly a month ahead of the TOPEX/Poseidon data. By July 1998, negative sea level anomalies occupied nearly the entire equatorial Pacific Ocean with negative SSTAs in the central Pacific. The trade winds were firmly reestablished, and the conditions appeared to be poised for a La Niña. The surface and subsurface current and temperature variations during this time are described in section 4.
The Indian Ocean typically experiences an El Niño related warming with a lag of a season, through shifts in the Walker circulation and associated radiative and wind-forced evaposative changes [Veizzke et al., 19971. However, during 1997 , the Indian Ocean displayed an anomalous behavior unlike other El Niño years since at least 1950 (Plate 2). During late spring 1997 a surface warming occurred over the western equatorial Indian Ocean, and by early fall 1997, strong anomalous easterlies were established across the basin. A strong surface cooling along the eastern coast was clearly evident by October 1997 which continued into January 1998 (Plate 2b). The typical climatological scenario of high SST variability in the east, with a prevailing west-east SST gradient along the equator was completely reversed during this period. As the warming in the west continued, the anomalous convection and floods over parts of eastern Africa persisted [Birkett et al., 19991 . The cold SSTA in the east disappeared by January 1998, and the warm- ing in the west peaked in February 1998 as it spread across much of the tropical Indian Ocean. A very similar chain of events occurred during 1961, a non El Niño year [Reverdin et al., 19861 . A positive feedback has been suggested in the Indian Ocean, i.e., a type of Indian Ocean "El Niño," as an explanation for this 1961-1962 rain event [Reverdin et al., 1986; Kapala et al., 19941 . Furthermore, the event in 1961 was associated with drought in Indonesia, much in common with the 1997 severe drought and widely publicized forest fires.
Basin-Scale Features of Ocean Color
The SeaWiFS global area coverage can be obtained as 8-day composites with 9-km resolution. We will only describe monthly mean features here as observed by SeaWiFS and the oceanic circulation features responsible for the chlorophyll distribution are presented in the following section. As stated earlier, both the Pacific and the Indian Oceans experienced anomalous climatic events during 1997-1998. The basin-scale features observed in each ocean are described separately. The two oceans are connected through the Indonesian throughflow, which, in the mean, is a mass transport from the Pacific to the Indian Ocean [Godfiey, 19961. The major effect of this low-latitude mass exchange is to warm the Indian Ocean and cool the Pacific [Hirst and Godfiey, 1993; Murtzigudde et al., 19981 . The Indonesian throughflow also leads to a deepening of the thermocline and the nitracline off the western coast of Australia and hence a lack of biological productivity despite the upwelling favorable winds along the coast. Here we will focus on the Indian Ocean to the north of 15"s.
Ocean Color Variability in the Tropical Pacific
The cold tongue region of the eastern equatorial Pacific is well known for being one of the strongest open ocean upwelling areas. Seasonally, maximum upwelling occurs at -120"W during boreal summer when the trade winds are at their strongest, and the mixed layer, thermocline, and the core of the Equatorial Undercurrent are at their deepest. The seasonal weakening of the trade winds during boreal spring leads to a shallow mixed layer, a reversal of the South Equatorial Current, and the shoaling of the thermocline and the Equatorial Undercurrent, in the cold tongue region. Seasonally, the western Pacific warm pool is characterized by low variability of winds, surface and subsurface currents and thermal structure. An isothermal layer below the mixed layer and above the thermocline known as the barrier layer is typical of the western equatorial Pacific [Lukas and Lindslstrom, 19911 . The barrier layer serves to reduce the cooling of SST by,mixed layer entrainment. The influence of the barrier layer on vertical mixing may also inhibit the mixing of colder, nutrient-rich thermocline waters into the euphotic zone.
The monthly mean' chlorophyll from SeaWiFS for the tropical Pacific are shown in Plate 3 from October 1997 through September 1998. The coastal zones off South America and New Guinea, and the region around the Galapagos Islands are caution is required in interpreting the apparent high chlorophyll levels around the coast of New Guinea and in the Torres Strait, since they may be artifacts due to shallow depths and suspended sediments. By October 1997, the El Niño of 1997-1998 was well established with warm SSTA of greater than 4°C extending along the west coast of South America as far as 20"s. While nearly the entire equatorial region was dominated by westerly wind anomalies, the easterlies persisted off the southeast coast. Thus, despite the deeper thermocline and upwelling of warmer waters, the coastal upwelling and the associated biological productivity are clearly seen during OctoberNovember 1997. Chlorophyll concentrations of over 7 mg/m' extend westward over 5" of longitude during OctoberNovember 1997 but are trapped to the coast during the following months until May 1998.
Chlorophyll concentrations of greater than 0.1 mg/m3 around the equator to the east of about 130"W are seen even during the peak of El Niño. The CZCS observed large decreases in chlorophyll in the central equatorial Pacific (155"W-175"W) during the 1982-1983 El Niño [Halpern and Feldman, 19941 , but the effects in the eastern equatorial Pacific were relatively small in terms of chlorophyll concentrations [Feldman et al., 19841 . The mean CZCS chlorophyll along the equa- Mackey et al. [1995] , chlorophyll concentrations across the equatorial Pacific remain relatively constant during a wide range of climatic conditions. Along the equator, low chlorophyll conditions (<0.1 mg/m3) which existed only between the Dateline and 160"W in October 1997, had spread to cover most of the central basin by December 1997. By January 1998, the upwelling induced by an upwelling Kelvin wave had generated a bloom that spanned across the entire basin but was shifted to the north of the equator. This bloom continued to get stronger and shifted to the equator by March 1998. As the cold tongue reestablished itself during the boreal summer, chlorophyll of over 4 mg/m' extended from the eastern coast to 165"W.
The area with surface chlorophyll of over 0.1 mdm3 in the western Pacific warm pool region retreated from the Dateline in October 1997 to 165"E by December 1997. Another feature of interest in the warm pool is the local bloom around 165"E from March 1998 onward, which was initiated by the upwelling associated with the local persistent easterly wind bursts. A local negative sea level anomaly and a cold SSTA correspond to the shoaling of the thermocline associated with the upwelling. A similar but less intense local bloom between 15"s and 2b"S near 165"E persisted from January 1998 through May 1998 with peak chlorophyll concentrations of over 0.3 mglm' in February 1998. This bloom was colocated with the local doming of the thermocline due to wind-stress curl anomalies. The shoaling of the thermocline due to Ekman pumping at this location is seen in model simulations and in TOPEX/Poseidon sea level data (not shown).
By January 1998, the high chlorophyll region initially apparent off the Central American coast near 1O"N-15"N during October 1997 had merged with that from the warm pool region. This feature is separated from the equatorial bloom by the low wind, downwelling areas of the Intertropical Convergence Zone, which coincides with the low chlorophyll patches 5"-10" to the,north of the equator from October 1997 through April 1998. The tongue of high chlorophyll spreading southwestward off the west coast of Mexico is coincident with low sea levels observed by TOPEXPoseidon, as discussed later. Note that by January 1998, this off-equatorial region of elevated productivity merges with the equatorial regions in the east and west. This feature was observed for the first time on a basin scale and is a discussed further in the following section. The high sea levels along the coast are a result of the equatorial downwelling Kelvin wave propagating poleward as coastal Kelvin waves.
It is very important to be able to understand the SeaWiFS data in the context of seasonal variability of ocean color. However, because of the short time series from SeaWiFS and limited in situ observations, this exercise is rather difficult. Here we attempt a comparison between the JGOFS cruise data and the SeaWiFS time series. Figure 1 shows chlorophyll concentrations on the equator at 140"W (averaged over 51" box) from SeaWiFS for 1998. Also shown in Figure 1 are the HPLC Chl a from the 1992 JGOFS cruises [Bidigare and Ondrusek, 19961 . The NIN03 index (SSTA averaged over the NIN03 region: 150"W-9OoW X 5"s-5"N) was greater than 1°C during both years (1992 and 1998), but the El Niño was past its peak by April. Both SeaWiFS data and JGOFS observations show that the weakening of the trades during boreal spring and reduced equatorial upwelling leads to a local minimum in the surface chlorophyll. The agreement between the two data sets is quite good if we take into account the fact that the cruise data is very local, whereas the satellite data involve spatiotemporal averaging.
The chlorophyll abundance from SeaWiFS during boreal summer is much higher than any observed during JGOFS EQPAC probably due to the'La Nifia conditions during the boreal summer of 1998. There are no in situ data for JuneAugust, the period of highest SeaWiFS chlorophyll. The agreement for September-October is very good (Figure 1) . However, JGOFS data for September 1992 shows a rapid increase from less than 0.1 mg/m3 to nearly 0.4 mg/m3, which is attributable to a passing tropical instability wave [Bidigare and Ondrusek, 19961 . Note that the JGOFS Ch1 a drops steeply to the levels of SeaWiFS data for the month of October.
Meridional sections along 140"W for chlorophyll from SeaWiFS satellite and JGOFS cruises are shown in Figure 2 . The cruise data show a large spread, but it is apparent that the maximum chlorophyll values occur along the equator and during boreal summer when the upwelling is maximum. Some of the spread during August-September months is probably due to the high variability associated with the tropical instability waves. Away from the equator, the chlorophyll concentrations show little seasonal dependence during 1992. Equatorial chlorophyll was much higher in August-September 1998 than at any time during the 1992 JGOFS cruises due to strong upwelling associated with La Niña. A peak to the north of the equator in February-March 1998 is associated with the upwelling Kelvin wave that signalled the end of the 1997-1998 El Niño This is discussed further in the following section. In Febiuary-March 1998 an area of enhanced chlorophyll was observed between 10"N and 15"N, which is associated with the off-equatbrial shallowing of the thermocline associated with the canonical El Niño pattern [Philander, 19901. ' 
Ocean Color Variability in the Tropical Indian Ocean
Most of the attention in the Indian Ocean has been focused on the highly productive Arabian Sea [e.g., Rytlzer and Memel, 1965; Baiise and McClaiii, 19861 . The Arabian Sea ecosystem is dominated by seasonally reversing southwest (July-September) and northeast (December-Februa,ry) monsoon circulations and their interannual Variability [Brock et al., 19911 . In addition to the strong northward Somali Current and upwelling off the coast of Somalia the southwest monsoon also drives open ocean Ekman pumping during the boreal summer. The nutrient-rich waters upwelled off the coast are advected into the interior and add significantly to the offshore blooms in the Arabian Sea driven mainly by mixed layer entrainment of nutrients [McCreaiy et al., 19961 . On the basis of in situ observations, Madhupratap et al. [1996] conclude that a nearly invariant mesozooplankton biomass thtoughout the year in the northwestern Arabian Sea is explained by injection of nutrients into the euphotic zone during the northwest monsoon by convective mixing associated with surface cooling.
As stated in the introduction, 1997-1998 was characterized by highly anomalous conditions in the Indian Ocean. The chlorophyll data from SeaWiFS are consistent with the observed oceanic anomalies (Plate 4). By October 1997 the SSTA in the eastern equatorial Indian Ocean and off the coasts of Sumatra and Java were colder than 3°C. The El Niño related drought over Indonesia was enhanced by subsidence over these cold SSTA and the smoke from the forest fires was advected over parts of the eastern Indian Ocean. Thus the October 1997 images of SeaWiFS could not captuTe what was likely an abun-dance of chlorophyll along the equator and off the Sumatran coast. During November 1997, chlorophyll of nearly 10 mg'm3 were seen near Lombok Strait decreasing along the coast to 1 mg/m3 near the equator. Anomalous eastward currents along the equator resulted in a cold tongue like structure with the associated bloom extending westward as far as 65"E. By February 1998, chlorophyll of >0.1 mg/m3 was trapped to the coast south of the equator. However, a local feature with chlorophyll of >1 mg/m3 developed during November and December 1997, between 5"N-10"N and 9OoE-95"E. The doming of the thermocline in this box driven by local wind-stress curl anomalies initiated the bloom which then appears to be advected westward by the North Equatorial Current during February. As the northeast monsoon neared its end, this feature receded eastward to the coast. With the arrival of southwest monsoons during June 1998, the seasonal bloom to the south of Sri Lanka ensued which then appears to be advected eastward by the Monsoon Current.
The northeastern Arabian Sea was highly productive in October 1997 with chlorophyll concentrations of 0.4 to 2 m@m3. As the northeast monsoons continued to strengthen, the expected offshore blooms spread into the Arabian Sea through January 1998. The Arabian Sea bloom started to retreat northward by February and was completely trapped to the coasts by the boreal spring intermonsoon period. High chlorophyll started to reappear off the coasts of Somalia and Arabia with the southwest monsoon by June 1998 and spread to the interior by August 1998. Note that the SeaWiFS image is masked by the cloudiness associated with the strong southwest monsoon over the Arabian Sea in July 1998. The region of high chlorophyll south of the equator near 60"E coincides with the open ocean Ekman pumping driven by seasonal variations of windstress curl and the proximity of the thermocline to the surface [Murtugudde and Busalacchi 1998bl . Higher pigments to the south of the equator in the western tropical Indian Ocean and their eastward extension are also seen in the 1979-1986 composite CZCS image for July and are coincident with an eastward South Equatorial Counter Current and a band of shallower thermocline and mixed layer depths in our climatological simulation [Murtugudde and Busalacchi, 1998bl. 
Local Variability and Ocean Circulation
Since the TAO array provides only a partial coverage of the tropical Pacific within 8"S-8"N, and the satellites only observe the ocean surface, we rely on a number of model simulations to interpret ocean color observations in the context of the threedimensional ocean circulation. The OGCM is a reduced gravity, primitive equation, sigma coordinate model with an embedded hybrid mixing scheme [Murtugudde et al., 1996; Mzrrtugudde and Busalacchì, 1998bl . Surface heat fluxes are computed by coupling the ocean GCM to an advective atmospheric mixed layer model [Seager et al., 19951 . The velrtical structure of the model ocean consists of a mixed layer and a specified number of layers below according to a sigma coordinate. The mixed layer depth and the thickness of the last sigma layer are computed prognostically and the remaining layers are computed diagnostically such that the ratio of each sigma layer to the total depth belod the mixed layer is held to its prescribed value.
The Pacific and Indian Oceans are simulated separately as detailed by Murtugudde and Busalacchi [1998a, b] . The model results have been extensively validated for seasonal and interannual simulations and model flowfields have been utilized for one-dimensional ecosystem model studies [Leonard et n l . , 1998; McClain et al., 19991 . The Indian Ocean domain covers 32OE-124"E X 3OoS-26"N with a resolution of 1/2" X 1/3". The model temperature, salinity, and layer thicknesses are relaxed to Levitus [1994] data in the sponge layer over 30°S-25"S. The Pacific simulation covers 124OE-284"E X 30"S-3OoN with sponge layers between 3WS-20"S and 20°N-3WN. The grid is compressed down to 113" within 10"S-lO"N and at the eastern and western boundaries. Both domains are represented in the vertical by a mixed layer and 19 sigma layers below the mixed layer with enhanced resolution just below the mixed layer [Murtugridde et al., 1998; Murtugudde arid Busalacchi, 1998bl .
Ocean Circulation and Ocean Color in the Tropical Pacific
4.1.1. Off-equatorial influence of El Niño. The largescale feature with increased chlorophyll levels around 11"N extending southwestward from the coast of Central America during October 1997 merges with the equatorial regions with chlorophyll >0.1 mg/m3 by January 1998 (see Plate 3). Dyinond and Collier [1988] have reported, based on in situ observations along 140"W, that even as the biogenic particle fluxes were reduced by a factor of 2 during the 1982-1983 El Niño in the eastern equatorial Pacific, the fluxes measured at 11"N were anomalously high. They concluded that the increased shear mixing between the North Equatorial Counter Current and the North Equatorial Current were responsible for the supply of nutrients and increased production at 11"N. However, it is evident from Plate 3 that their off-equatorial location was most likely within the large-scale feature similar to the one observed at the end of 1997. While a raised thermocline enhances the tendency to cool the surface and also brings the nitracline closer to the euphotic zone, it is mixed layer entrainment which can better explain enhanced biological activity. We thus examine both sea level as an indicator of thermocline movement, and the mixed layer entrainment fluxes as the predictor of enhanced surface chlorophyll.
The sea level anomalies from TOPEX/Poseidon and entrainment fluxes from the model simulation are shown in Plates 5 and 6. The canonical pattern of sea level anomalies during EI Niño events results in shallower thermocline depths to the north of the equator in the eastern Pacific which is coincident with the blooms seen in Plate 3. The entrainment flux into the mixed layer shows that during October-December 1997, the off-equatorial cooling due to entrainment was separated from the equatorial region since the equatorial region has reduced entrainment during peak El Niño months. By January 1998, the two entrainment regions merge which is quite similar to chlorophylI patterns in Plate 3. The upper (not shown). Negative sea level anomalies (Plate 5) extend much further to the east in the northern hemisphere compared to the southern hemisphere and this asymmetry is also seen in the ocean color. Clearly, there are other factors such as the availability of light and asymmetric wind-stress curl anomalies that are also responsible for the asymmetry in the offequatorial ecosystem response during El Niño years which need to be investigated further with coupled physicalfbiological models. Enhanced biological activity to the north of the equator during El Niño years coincides with the low sea level.
rophyll of -0.3 mg/m3 extending all the way from the coast of New Guinea to 120"W. Negative sea level anomalies coincident with this bloom were observed by TOPEX/Poseidon only near the end of March 1998. This was a signature of the upwelling Kelvin wave that ended the El Niño and the extensive warming in the central equatorial Pacific. Clearly, the subsurface upwelling associated with the Kelvin wave and the response of the equatorial ecosystem to the nutrient supply had commenced a month before the surface signature appeared in terms of negative sea level anomalies. The strong Niño had to be eroded before the negative anomalies could be established, while the ecosystem can respond rapidly to the supply of nutrients into the euphotic zone. Northerly wind anomalies dominated the northern tropics in the central Pacific from November 1997 through April 1998 (Plate 7). The associated Ekman divergence shifted the equatorial upwelling Kelvin wave to the north by almost 2" of latitude. The meridional sections of temperatures and currents along 155"W are shown in Plate 8 for February 1996 and February 1998. During a non-El Niño year, the meridional cells consist of equatorial upwelling and off-equatorial downwelling. It is evident that during February 1998, the northerly wind anomalies resulted in anomalously strong northward currents to the north of the equator which shifted the equatorial upwelling and the associated equatorial blooms northward. Noie that the 20°C isotherm (dashed line) is clearly shallower during an El Niño year compared to a non-El Niño year. The mixed layer (solid line) is much deeper near 5"N during February 1998 due to higher turbulent kinetic energy associated with the northerly wind anomalies and also due to enhanced off-equatorial downwelling associated with anomalous northward flow. Since the mixed layer is much deeper between 3"N and 5"N, it is probable that the production occurred near the equator and was advected northward by the anomalous meridional currents. This can only be ascertained with coupled biophysical model simulations for this period.
4.1.3. Easterly wind-anomalies drive localized bloom near 165"E. As the westerly wind bursts continued their eastward migration from late 1996 well into late 1997, easterly wind bursts appeared in the western Pacific warm pool by mid December 1997 (Plate l). The easterly wind bursts over the western Pacific warm pool persisted as late as September 1998. As expected from equatorial dynamics, local divergence and negative SSTA were associated with these easterly wind anomalies. Mackey et al. [1995] conjectured, based largely on observations at 155"E, that the barrier layer structure [Lukas aiid Lindstlanz, 19911 in the western Pacific warm pool probably renders the region nearly oligotrophic. We computed barrier layer thicknesses in our model simulation for the period of interest. As seen in Plate 9, there is tentative evidence that while easterly wind anomalies initiated the surface chlorophyll 
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Plate 6. Model entrainment fluxes (W/m") for (top) December 1997 and February 1998 for the tropical Pacific. Increased nutrient flux into the mixed layer in the northern hemisphere is responsible for elevated chlorophyll observed by SeaWiFS in that region. Note that the merging of this off-equatorial entrainment region with the equatorial region is also similar to the ocean color features shown in Plate 1.
signatures as early as February 1998 near 165"E, the elevated chlorophyll of over 0.4 mg/m3 coincided with the near disappearance of barrier layers at this location. There is observational evidence for strong upwelling and elevated chlorophyll concentrations at 165"E during intense La Niña events [Blanchot et al., 19921 . However, the bloom shown in Plate 9 occurred as early as March 1998, and even at the peak of the 1998 La Niña event, was clearly separated from the equatorial bloom associated with the surfacing of the thermocline in the east central equatorial Pacific. Note also that the local bloom at 165"E terminated by July while the La Niña conditions persisted until the end of 1998. It is therefore likely Plate 9. Model barrier layer thicknesses (contours) and chlorophyll (colors). An increase in near surface chlorophyll appears to be coincident with the near disappearance of barrier layer structure around 165"E. that the 1998 bloom was driven by local upwelling-favorable winds and unrelated to the La Niña. The role of the barrier layer in the supply of nutrients to the surface layer and the response of the surface biological activity needs to be investigated further for such events. It also remains to be determined how and if this surface chlorophyll observed by SeaWiFS was related to the magnitude and the depth of the deep chlorophyll maximum during such a strong El Niño [McClain et al., 19981. 
Ocean Circulation and Ocean Color in the Tropical
Indian Ocean 4.2.1. Anomalous upwelling in the eastern Indian Ocean. The equatorial Indian Ocean is characterized by higher (lower) seasonal SST variability in the west (east) and a west-to-east SST gradient with a seasonal barrier layer in the east [Sprintall and Tomczak, 19931. Murtugudde and Busalacchi [1998b] showed that there is a strong correlation between anomalies of precipitation, SST, and barrier layer thicknesses in the eastern equatorial region. The barrier layer thus plays a role in the SST variability and probably also in the ecosystem variability in the eastern equatorial Indian Ocean. The wind-stress anomalies for October-December 1997 were characterized by strong upwelling-favorable alongshore winds in the eastern Indian Ocean off the coast of Sumatra (see Plate 10, top). As shown by R. Murtugudde et al. (Oceanic processes associated with anomalous events in the Indian Ocean with relevance to 1997 , submitted to Joumal of Geophysical Research, 1999 inafter referred to as R. Murtugudde et al., submitted manuscript, 1999) , the easterly zonal wind anomalies in the equatorial region raised the pycnocline in the east through equatorial and coastal Kelvin waves. The alongsh'ore winds enhanced the surface cooling by coastal upwelling which led to complete removal of the barrier layer and led to SSTA as large as -3°C (Plate 10, bottom). Weaker winds in the western Indian Ocean led to warm SSTA which peaked in February 1998 by which time the cold SSTA in the east had all but disappeared. While the reasons for the anomalous winds and air-sea interactions in the Indian Ocean during 1997-1 998 can only be fully understood with coupled ocean-atmosphere models, it should be noted that similar events occurred during 1961 [Reverdin et al., 19861 and 1994 [filurtzgridde et al., 19991. Equatorial sections of temperature, and zonal and vertical currents averaged over October-December 1997 (Plate 11) clearly show the dramatic difference between the climatological circulation and the anomalous conditions of 1997. During the boreal fall, the equatorial Indian Ocean is characterized by the strong eastward Wyrtki Jet [Wyrtki, 1973; PlcCreary et al., 1993; Murtugudde et al., 19961. During fall 1997 , the equatorial currents and the SST gradient were completely reversed. An Plate 11. Equatorial Section of temperature (colors) and zonal (cm/s)/vertical (cm/d) currents for OctoberNovember-December climatology and October-November-December 1997.
equatdrial cold tongue was formed by the anomalous westward currents carrying the cold coastally upwelled water westward in addition to anomalous equatorial upwelling (Plate 11). The shoaling of the thermocline and the removal of the barrier layer produced high chlorophyll concentrations as seen in Plate 4 along the coasts of Java and Sumatra. These chlorophyll concentrations are much higher than those in the CZCS composites for the same months of the year. During Januaiy and February 1998, the anomalous bloom was shifted well to the north of the equator between 5"N and 10'" centered on 90"E. The westward advection of this bloom is clearly seen in February 1998. 4.2.2. Arabian sea and the southern tropical Indian Ocean. The chlorophyll from SeaWiFS in the northwestern Arabian Sea for October and November 1997 are not significantly different from the CZCS composites (not shown) for the same months whereas it is slightly higher for December 1997 and January-February 1998. Anomalously strong northeast monsdons (for, e.g., the wind and SST anomalies in the Arabian Sea in Plate 10) resulted in enhanced entrainment fluxes into the mixed layer leading to elevated chlorophyll.
The bloom in the Arabian Sea peaks during AugustSeptember 1998 lagging the open ocean upwelling by nearly a month (not shown). Brock et al. [1991] and Brock and McClaiiz [1992] analyzed the interannual variability of the phytoplankton bloom during the southwest monsoon as observed by CZCS in the Arabian Sea. The chlorophyll shown in Plate 4 are consistent with their analyses. Brock et al. [1991] concluded that the advection of cold, coastally upwelled water into the open ocean was not responsible for the northwestern Arabian Sea bloom during the southwest monsoon (also see Bauer et al. [1991] ). On the basis of a silicate tracer scheme, Young and Kindle [1994] concluded that the elevated offshore chlorophyll concentrations observed by CZCS require advection of nutrient rich waters from coastal regions into the central Arabian Busalacchi [1998b] pointed out that the open ocean Ekman pumping in the vicinity of 60"E and 10"s results in a local shoaling of the thermocline and large interannual variability of SSTA. SeaWiFS data show that this is also a region of higher surface chlorophyll. The eastward extension of a band of eptrainment is also clearly seen as a band of chlorophyll of 0.2-0.3 mg/m3.
Discussion and Summary
The SeaWiFS satellite has provided high-quality global ocean color data since its launch in August 1997. We analyzed the first complete year of ocean color data for the Indo-Pacific region, namely, for October 1997 to September 1998. This period includes the peak of the 1997-1998 El Niño and the beginning of 1998 La Niña in the tropical Pacific. The Indian Ocean also experienced extremely anomalous conditions during this period, and the effects of the anomalous oceanic conditions on the ecosystem is clearly recorded by SeaWiFS. In addition to other complementary data such as altimetric data from TOPEXPoseidon, we also employed OGCM simulations of the region. This allows the ocean color observations to be placed in the context of the dynamic and thermodynamic processes that were responsible for the ocean color variability.
By October 1997, El Niño was fully underway with warm SSTA dominating the central and eastern-tropical Pacific. Chlorophyll concentrations in the eastern equatorial cold tongue region of the Pacific were significantly lower than historical in situ observations and the CZCS climatology. The agreement between in situ measurements coincident with the SeaWiFS period and SeaWiFS data is also remarkably good (F. Chavez, personal communications, 1998) . The offequatorial increase in biological particle fluxes observed by Dymond and Collier [1988] along 140"W is in fact a small part of the canonical horse shoe pattern of negative sea level anomalies observed during all EI Niño events. In 1997-1998, the biological signature of this large-scale feature with elevated chlorophyll being more prominent to the north of the equator was observed for the first time. The model results showed that the entrainment fluxes into the surface mixed layer and the upper ocean upwelling show similar patterns including the asymmetry about the equator. A local bloom with chlorophyll of over 0.4 mglm' occurred on the equator near 165"E during April-June 1998. Easterly wind bursts in this region persisted from December 1997 through September 1998. The model results indicate that the dramatic increase in chlorophyll did not occur until the disappearance of the barrier layer. The role of the barrier layer in the supply of nutrients to the surface and in determining the ecosystem response needs to be investigated further.
An anomalous band of chlorophyll of over 0.2 mg/m3 appeared to the north of the equator and extended nearly the entire length of the Pacific basin by February 1998. Not only was it anomalous in terms of the time of the year during which it occurred but also in terms of the fact that it was clearly shifted to the north of the equator by over 300 km. Strong northerly wind anomalies lasting from October 1997 through April 1998 caused the equatorial divergence and the upwelling to shift northward. As a consequence, the upwelling Kelvin wave generated by the easterly wind bursts was also shifted northward. Moreover, SeaWiFS showed the surface signature of the upwelling Kelvin wave a month in advance of the negative sea level anomalies from TOPEX/Poseidon. This Kelvin wave signalled the end of the 1997-1998 EI Niño event. The dramatic drop in SST in the equatorial Pacific around 125"W by over @ ' C occurred in less than a month during late May 1998. Anomalously high chlorophyll concentrations along the equator were established by June 1998 and persisted till the end of August 1998. By September 1998, the region of chlorophyll higher than 0.4 mg/m3 was restricted to the east of 130"W.
It is well known that the Indian Ocean experiences a warming with a lag of about a season in response to warm ENS0 events in the Pacific [Venzke et al., 19971 . Most warm ENS0 events also result in a weaker than normal summer monsoon over India [Sltukln, 19871 . The southwest monsoon was indeed weaker than normal during late June 1997 and warm SSTA occurred over the western Indian Ocean in response. However, by September 1997, strong easterly and southerly wind anomalies occupied much of the equatorial and southern tropical Indian Ocean. The genesis and the reasons for these anomalous winds are beyond the scope of this paper. A strong patch of negative SSTA resulted to the east of 75"E in the equatorial region and east of 95"E along the coasts of Sumatra and Java. The climatological Wyrtki Jet was absent during November 1997 and the SST gradient along the equator was completely reversed (R. Murtugudde et al., submitted manuscript, 1999) . The SeaWiFS data processing for October 1997 was hindered by the smoke drifting over the region from the forest fires in Indonesia but over 1 mg/m3 of chlorophyll was observed during November-December 1997 in these anomalous upwelling regions.
Surface chlorophyll appeared to have been near normal in the northwestern Arabian Sea during October-November 1997 but was anomalously high during December 1997 and JanuaryFebruary 1998. This is consistent with the elevated entrainment fluxes of nutrients into the euphotic zone expected during stronger than usual northeast monsoons. The seasonal upwelling off the coast of Sri Lanka during the boreal summer months produces local phytoplankton blooms which are likely advected northeastward by the prevailing Monsoon Currents. The region just to the northeast of Madagascar near 60"E and 10"s is where the northeast monsoon and the southeasterlies in the southern tropical Indian Ocean meet. This region undergoes seasonal and interannual changes in wind-stress curl and open-ocean Ekman pumping result in the shoaling of the thermocline and large interannual variability of SST. At these latitudes, the northward extension of the South Equatorial Current meets the equatorial current system which reverses seasonally [Murtugudde et al., 19961 . Thus a band of shallow mixed layer depths and enhanced mixed layer entrainment occurs between 5"s and lO"S, extending across the entire Indian Ocean. These circulation features clearly lead to enhanced biological activity in the region which was observed for the first time by SeaWiFS.
It is highly encouraging that simulated flowfields can explain much of the observed ocean color variability. This gives us confidence that coupling an ecosystem model to such an OGCM will result in realistic supply of nutrients to the euphotic zone. Since SeaWiFS provides integrated chlorophyll above 20-30 m for open ocean waters, several questions remain to be answered in terms of the subsurface variability of the marine ecosystem which can only be addressed in coupled biological/physical models. A nine-component ecosystem model [Leonard et al., 19981 has been coupled to the OGCM presented here. The results are being analyzed and will be reported elsewhere.
